Accurately selecting relevant alleles in large sequencing experiments remains 22 technically challenging. Bystro (https://bystro.io/) is the first online, cloud-based application that 23 makes variant annotation and filtering accessible to all researchers for terabyte-sized whole-24 genome experiments containing thousands of samples. Its key innovation is a general-purpose, 25 natural-language search engine that enables users to identify and export alleles and samples of 26 interest in milliseconds. The search engine dramatically simplifies complex filtering tasks that 27 previously required programming experience or specialty command-line programs. Critically, 28 Bystro's annotation and filtering capabilities are orders of magnitude faster than previous 29 solutions, saving weeks of processing time for large experiments.
important research role, and are sufficient for small to medium experiments (e.g.,10s to 100s of
Figure 1 | Using Bystro online to find alleles of interest in sequencing experiments. A)
After logging in (https://bystro.io/), users upload one of more VCF or SNP-format filescontaining alleles from a sequencing experiment -from a computer or a connected Amazon S3 bucket. Datasets of over 890GB, containing thousands of samples and tens of millions of variants are supported. The data is rapidly annotated in the cloud, using descriptions from public sources (e.g. RefSeq, dbSNP, Clinvar, and others). The annotated results can be filtered using Bystro's natural-language search engine, and any search results can be saved as new annotations. Annotated experiments and saved results can be viewed online, downloaded as tab-delimited text, or uploaded back to linked Amazon S3 buckets. B) An example of using Bystro's natural-language search engine to filter 1000 Genomes Phase 3 (https://bystro.io/public). To do so, users may type natural phrases, specific terms, numerical ranges, or apply filters on any annotated field. Queries are flexible, allowing misspelled terms such as "earl-onset" to accurately match. Complex tasks, such as identifying de novo variants can be achieved by using Boolean operators (AND, OR, NOT, +, -), exact-match filters, and user-defined terms. For instance, after labeling the "proband" and their "parents", the user could simply search proband -parents, or combine with additional parameters for more refined queries, i.e. proband -parents missingness < .1 gnomad.exomes.af_nfe < .001. Bystro, wANNOVAR, VEP, and GEMINI (running on Galaxy) we run under similar conditions. Total processing time was recorded for 1000 Genomes Phase 3 WGS VCF files, containing either the full data set (2,504 samples, 8.49x10 7 variant sites), or subsets (2,504 samples and 5x10 4 , 3x10 5 , 1x10 6 , and 6x10 6 variants). Only Bystro successfully processed more than 1x10 6 variants online: wANNOVAR (not shown) could not complete the smallest 5x10 4 variant subset; VEP could not complete more than 5x10 4 variants; and GEMINI/Galaxy could not complete more than 1x10 6 variants. Online, VEP outputted a restricted subset of annotation data compared to its offline version. GEMINI and Bystro (but not VEP) outputted wholegenome CADD scores, while only Bystro also returned whole-genome PhyloP and PhastCons conservation scores. Bystro was faster than GEMINI/Galaxy by 144x-212x across all time points. sample minor allele frequency, while VEP reported no sample-level data. We note that VEP is used is given (Additional file 2 ; Additional file 3).
106
To investigate annotation accuracy, we next compared Bystro with ANNOVAR and VEP 107 on a previously-analyzed synthetic dataset [9] . Overall, excellent concordance between all disrupting a splice site, despite the fact that the nerest intron, and therefore splice site, was entering the term "exonic" (933,343 alleles, 0.030 ± .001 seconds, Table 2 ). The search engine 146 calculated a transition to transversion ratio of 2.96 for the query, consistent with previously 147 observed values in coding regions. To refine results to rare, predicted deleterious alleles, we Bystro could interpret common ontologies, we queried "pathogenic nonsense E.D.S", where delimited text annotation. Again, results were completely concordant (Additional file 1: Table   179 S5). Finally, to control for the possibility that both Bystro's "Filters" and the Perl scripts were 180 biased due to the programmer, we compared Bystro's natural-language queries with Excel 181 filters on a smaller dataset that could be manually examined. The queries were found 182 completely specific in this comparison as well (Additional file 1: Table S6 ; Additional file 7). is publicly available to be tested (https://bistro.io/public).
380
The public Bystro server was configured on an Amazon i3.2xlarge EC2 instance. The 381 server supported 8 simultaneous users. Throughout the duration of each experiment, multiple 382 users had concurrent access to this server, increasing experiment variance, and limiting 383 observed performance.
385
Online Variant Effect Predictor (VEP) submissions were done using the VEP web 386 application (http://www.ensembl.org/info/docs/tools/vep/index.html). VEP has a 50MB 387 (compressed) file size limit. Due to gateway timeout issues and this file size limit, data sets wANNOVAR could not accept the smallest tested file, the 5x10 4 variant subset of Phase 3
Offline annotation comparisons
To generate offline performance data, the latest versions of each program available at 
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